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This thesis considers applications of 
resonant waveguide gratings. The 
function of these optical structures 
is based on effective coupling of in-
cident light in and out of waveguide 
modes traveling parallel to the sur-
face. This phenomenon can be used 
to enhance light-matter interaction 
as well as to guide emitted light. The 
design and fabrication of resonant 
waveguides are discussed, and they 
are applied in second harmonic gen-
eration enhancement and to improve 
fluorescence signals.
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ABSTRACT
This thesis considers applications of resonant waveguide gratings.
These micro- and nanostructured optical components consist of an
effective waveguide layer combined with a diffractive grating. The
function of these structures is based on effective coupling of inci-
dent light in and out of waveguide modes traveling parallel to the
surface. This phenomenon can be used to enhance light-matter in-
teraction as well as to guide emitted light.
The design and fabrication of resonant waveguides are discussed,
and they are applied in second harmonic generation (SHG) en-
hancement and to improve fluorescence signals. SHG enhancement
by a factor of 5500 is experimentally demonstrated, as well as a 530-
fold fluorescence signal improvement. Also, increase in coherence
length of the emitted fluorescent light was observed.
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ings; light coherence
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1 Introduction
Micro- and nanoscale diffractive structures with complex optical
functionalities already existed in nature long before humankind
even dreamed about manipulating and shaping light [13, 14]. In
recent decades the man-made micro- and nano-optics has started
to play a key role in myriad of applications. Demand for new so-
lutions has given rise to efficient and accurate techniques to model,
design and fabricate needed optical elements, including diffractive
optical structures [15–17]. This development has enabled unprece-
dented ways to control light and to utilize different kinds of optical
phenomena.
One of these phenomena is a nonlinear process called second
harmonic generation, also called frequency doubling: a process
where the wavelength of light is halved [18]. Maybe the most
perceivable applications of this phenomenon are the cheap green
and blue laser sources [19–21]; it has also been found to be useful
in measurement and analysis methods, e.g. in biomedical imag-
ing [22–26].
Another widely used and studied phenomenon is fluorescence,
where again light of one wavelength generates light of different
wavelength [27]. The importance of fluorescent labels was illus-
trated by the 2008 Nobel prize in chemistry [28]. It was awarded
for the discovery and development of the green fluorescent protein
(GFP) [29–31], which paved the way for the wide use of fluorescence
in the fields like medicine and molecular biology. Nowadays the
use of fluorescent labels [32,33] is a standard method in quantifying
and imaging of biomolecules, although it’s not the most renowned
or oldest application of this phenomenon: fluorescent lamps [34]
are all around us and GFP illuminated jellyfish long before it was
discovered [29]. In the nature fluorescent molecules also serve pur-
poses beyond producing pretty colors [35].
Topic of this thesis is the applications resonant waveguide grat-
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ings. These resonant waveguide gratings are one specific type of
diffractive optical structures, and the applications presented are the
enhancement of second harmonic generation and improvement of
fluorescence signal detection.
The design and fabrication of diffractive optical elements is dis-
cussed in chapter 2. The purpose of this chapter is to describe the
design and fabrication of the structures used in this study rather
than to cover all the existing methods and techniques. In chapter 3
the resonant waveguide gratings are discussed. First their general
properties are described, and then some possible applications are
introduced. Filtering, light-matter interaction enhancing and emis-
sion guidance properties of these structures are described. After
this in chapter 4 the main results achieved in papers included in
this study are briefly presented. Chapter 5 concludes this thesis in
outlook of future research related to resonant waveguide gratings.
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2 Diffractive optical elements
In this thesis the term diffractive optical element (DOE) denotes a
periodic micro- or nanostructure used to modulate light propaga-
tion and distribution. Diffraction as a phenomenon is beyond the
scope of traditional geometrical optics: light has to be described
as electromagnetic waves instead of propagating rays. Nowadays
there exists a vast amount of different types of DOEs; a simple
and historical example is transparent slits in an opaque screen, like
in the famous Young’s double slit experience. When the number of
the slits is increased and the distance between each is kept constant,
they form a periodic structure: a diffraction grating. This kind of an
element splits incident light into several so called diffraction orders
propagating in different directions [15,16]. A schematic diagram of
a diffractive grating splitting an incident planewave is presented in
figure 2.1.
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Figure 2.1: Schematic diagram of a diffractive grating. θin denotes the angle of incidence,
λ is the wavelength of the incoming light, ni and nt are the refractive indices of different
layers and Ri and Ti denote the reflected and transmitted diffractive orders, respectively.
The design and fabrication methods of diffractive optical ele-
ments used in this thesis are introduced in this chapter. Section 2.1
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briefly describes the theoretical method for design and analysis of
the DOEs utilized throughout this thesis. The tools and processes
of fabrication are then presented in section 2.2.
2.1 DESIGN
The direction of propagation for different diffraction orders gener-
ated by a one dimensional DOE with period d can be calculated
using the well-known grating equation
n2 sin θm = ni sin θin + mλ/d, (2.1)
where λ is the wavelength of the incident light, m = 0,±1,±2...
the number of the diffracted order, θin the angle of incidence of
the incoming light, θm the propagation angle of the diffracted order
and ni and n2 the refractive indices before and after the grating
interface [36]. If we use the same notation as in figure 2.1, then for
reflected orders n2 equals ni and for transmitted nt.
Most of the research presentedwithin this thesis concentrates on
sub-wavelength structures, meaning that the period of the grating
is smaller than the wavelength. This also means that in most of the
cases only the zeroth diffraction order exists, for which the grating
equation is reduced to classical Snell’s law and law of reflection.
Calculation of the efficiencies of the diffraction orders requires
solving of Maxwell’s equations and electromagnetic boundary con-
ditions. If the period of the DOE is considerably larger or smaller
than the wavelength of the used light, different kinds of approxima-
tive methods can be used [37]. However, in this thesis we consider
structures of the so called resonance domain. This means that the
size of one period is of the order of the wavelength, and therefore
only rigorous theoretical models can be used.
2.1.1 Fourier modal method
It is seldom possible to solve diffraction problems analytically. There-
fore efficient numerical methods are required, several of which ex-
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ist [38]. In this thesis Fourier modal method (FMM) is used as a
tool to theoretically model and optimize diffractive structures.
The basic idea of FMM is to treat the grating region as layers
of periodic waveguides, permittivity distribution of which is rep-
resented as Fourier series. Electromagnetic fields before and after
the grating are expressed as a superposition of plane waves, and
inside the grating region as a sum of forward and backward prop-
agating modes. Maxwell’s equations can be applied to solve the
propagation constants of the modes inside the layers, and bound-
ary conditions used on the layer interfaces to comprehensively solve
the electromagnetic field [36, 39–46].
2.1.2 Energy density
With FMM it is possible to calculate the electric and magnetic field
components in and near the designed structures. To gauge the pos-
sible enhancements of light-matter interaction it is useful to exam-
ine the energy quantities related to them. For electromagnetic fields
the energy density w(r, t) is the sum of electric and magnetic en-
ergy densities we(r, t) and wm(r, t), respectively. These densities are
functions of time t and place, defined by position vector r. However,
in the case of optical fields all practical observations are limited to
time averages. For the electric energy density it can be written
〈we(r, t)〉 =
1
4
εε0|E(r)|
2, (2.2)
where E is the electric field, ε0 the electric permittivity of vac-
uum and εr the relative permittivity of the material [47]. Likewise
the magnetic energy density in non-magnetic material is given by
〈wm(r, t)〉 =
1
4
µ0|H(r)|
2, (2.3)
where H the magnetic field, and µ0 and magnetic permeability
of vacuum [47].
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2.2 FABRICATION
There are many different types of diffractive elements, but the num-
ber of methods of their fabrication is even greater. First DOEs were
made by mechanical ruling, and direct machining techniques are
still widely used in certain applications [16,48]. However, the adap-
tation of lithography techniques from the semiconductor industry
has really given the tools to fabricate more elaborate diffractive op-
tics for visible and shorter wavelengths. All DOEs used in this
study are surface relief diffractive gratings, and they are fabricated
by electron beam lithography. Thus the following is only a brief
overview of one way to make one type of diffractive optics; for a
broader survey for example reference [17] is recommended.
2.2.1 Electron beam lithography
The basic idea when using electron beam lithography for DOE fab-
rication is to first pattern the lateral dimensions of the desired struc-
ture into resist layer. After this the pattern is usually transferred
from resist to some other material, thus forming a surface relief
structure. In this thesis for the electron beam patterning two dif-
ferent lithography systems were used: Leica LION LV1 in paper I
and Vistec EBPG 5000+ESHR in papers II–IV. The function of an
electron beam lithography system is to generate a beam of acceler-
ated electrons, focus it in the resist layer on top of a substrate and
draw a desired pattern there in very high resolution. Both of these
systems are capable to perform the patterning in nanometer scale.
Resists used in electron beam lithography are usually polymers
designed to be sensitive to interactions with electrons. The resist
used throughout this study is one of the first e-beam resists, poly-
methyl methacrylate (PMMA) [49]. In PMMA the electron beam
exposure breaks polymer chains, thus causing the exposed resist to
dissolve faster than unexposed one in developer solution (methyl
isobutyl ketone and isopropanol). Because exposed areas are re-
moved PMMA is called a positive resist, as opposed to negative
resists where unexposed areas dissolve in development.
6 Dissertations in Forestry and Natural Sciences No 23
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Transfer of resist pattern into more durable materials is very
often done by etching the substrate material using the resist layer
as a mask. However, an intermediate process called lift-off was
used in these studies. In this process another material, in this case
chromium, is evaporated on top of the resist pattern. After this
the resist is removed with a liquid solvent, which removes also the
chromium deposited on top of the resist leaving a chromium pat-
tern on the parts of the substrate which were originally exposed
by the electron beam. Thus the original pattern is transferred from
polymer resist on top of the substrate to metal, which is much more
resistant to plasma etching [50] and allows deeper structures to be
etched with better quality.
Reactive ion etching (RIE) is then used to transfer the pattern
from metal mask to the substrate material. In RIE process sam-
ple is placed between electrodes in a low-pressure chamber with
different etching gases, depending on the material to be etched.
An electric field oscillating in radio frequency (RF) is applied be-
tween the electrodes, which strips the gas molecules of electrons,
creating plasma. Electrons hitting the sample build up a large neg-
ative charge, which causes the positive ions to accelerate towards
it. These ions generated from the introduced gases cause physical
and/or chemical etching of the sample.
Parts of the substrate protected by the metal mask are not etched,
so after the RIE process and removal of the mask a binary surface
relief structure exists in the substrate material. In papers I–IV this
SiO2 structure was then coated with thermally evaporated TiO2,
resulting in the final structure. Diagram of this whole fabrication
process is shown in figure 2.2.
2.2.2 Replication
The electron beam lithography process chain described above is
very costly and time consuming for commercial mass production.
Therefore it is commonly used to produce masters for various repli-
cation techniques like embossing or moulding of plastics, and of
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course to make masks for photolithography in semiconductor in-
dustry. In later studies, regarding the use of resonant waveguide
gratings in epifluorescencemicroscope, the fabrication of the diffrac-
tive elements was brought closer to mass production by replicating
the structures with UV nanoimprint lithography (UV-NIL) [51, 52].
First, a silicon structure was fabricated with electron beam lithog-
raphy process. This was similar to the process described in pre-
vious section for the SiO2 grating. Then as an intermediate step
a cyclo olefin copolymer (COC) stamp was made by hot emboss-
ing, using the silicon structure as a master. Essentially this means
that the master and a sheet of COC were heated slightly above the
glass transition temperature of the polymer, pressed together, and
then released after cooling the stack below that transition point.
Then this stamp was pressed into a special UV-curable resist layer
spinned on top of a SiO2 wafer. The resist was cured with UV light
and the stamp removed; this resist pattern was then used as a mask
in RIE process, and the resulting SiO2 grating was coated with TiO2.
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200 nm
200 nm
200 nm
200 nm
200 nm
Resist (PMMA)
Substrate (SiO2)
Exposure and development of resist.
Evaporation of chromium.
Lift-off.
RIE of the substrate.
Removal of the chromium.
Evaporation of TiO2.
Figure 2.2: Steps of the fabrication process of a coated binary DOE using lift-off. Schematic
diagrams on the left, SEM images on the right.
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3 Resonant waveguide grat-
ings
In 1902 while experimenting with metallic reflection gratings Wood
[53] observed rapid variations in the efficiency of diffracted orders
in certain narrow frequency bands. To theoretically describe these
variations Hessel and Oliner [54] presented a new theoretical model
in 1965. They showed that two separate types of variations existed:
a Rayleigh wavelength type that is related to emergence of new
spectral orders, and a resonance type that stems from guided com-
plex waves supportable by the grating.
In the case of metallic reflection gratings the analysis of this kind
of resonance phenomenon as surface waves propagating on the
air-grating interface leads to the concept of surface plasmons [55].
However, it wasn’t until 1980’s when all-dielectric gratings were an-
alyzed in this manner by Mashev and Popov [56, 57]. It turned out
that it is possible to design and fabricate such gratings where the
diffraction efficiency of the reflected zeroth order shifts very rapidly
from almost 0 to near 100 percent when the wavelength or the an-
gle of incidence changes. Possible applications for these structures
as tunable, highly efficient narrow band filters were obvious. This
encouraged further study by Popov et al. [58–60] and others, most
notably very thorough analysis using rigorous coupled-wave the-
ory by Wang, Magnusson et al. [61–64]
In this chapter the basic properties of dielectric resonant waveg-
uide gratings are introduced. The specific type of these structures
used in papers I–IV is also presented. Finally, the applications of
resonant waveguide gratings are discussed.
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3.1 PROPERTIES
In general, a resonant waveguide grating (RWG) consists of at least
one waveguide layer and one diffraction grating. These can over-
lap; the most elementary RWG could be considered to be a grating
formed in a waveguide layer (figure 3.1). Resonance effect occurs
when the grating couples incident light to the modes of the waveg-
uide. This happens only for a certain wavelength band and angle of
incidence, depending on the grating parameters and the refractive
indices of the surrounding media. The effective refractive index of
the grating layer needs to be higher than that of the surrounding
layers so that it can act also as a waveguide. By effective refractive
index we mean here
neff =
∫ d
0
n2(x)dx, (3.1)
where n2(x) is the refractive index distribution of the grating layer
and d the period of the grating.
n1
n2(x)
n3
θin
x
z
d
Figure 3.1: Schematic diagram of a resonant waveguide grating. θin denotes the angle of
incidence, d the period of the grating and ni are the refractive indices of different layers.
Because of reciprocity the grating also couples light out of the
waveguide modes; thus the modes are leaky, and usually don’t
travel very far in the waveguide. However, the light is coupled out
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to the direction of reflection. This causes the sharp peaks in reflec-
tion that are characteristic to dielectric RWGs: the reflectance can
change rapidly from near 0 to 100% as a function of the wavelength
or the incident angle.
Throughout all the research presented in this thesis one partic-
ular type of RWGs is used. It consists of a binary grating coated
with a material that has higher refractive index than the substrate.
Schematic cross-section is shown in figure 3.2. The coating thick-
ness on different surfaces of the grating depends on the method of
fabrication. In thermal evaporation the coating on top of the grating
is thicker than on the sidewalls and on the bottom of the grooves,
as depicted in figure 3.2. For example in atomic layer deposition
(ALD) process the thickness would be more uniform [65]. In papers
I–IV the binary grating is linear (y-invariant); in later studies also
structures with periodicity in two dimensions were tested. Also all
structures used are sub-wavelength, meaning that the period d of
the grating is so small compared to the designed resonant wave-
lengths that only the zeroth diffraction order propagates.
n1
ng1(x)
ng2(x)
ng3(x)
n3
θin
d
x
z
Figure 3.2: Cross-section of a coated binary grating.
As can be seen in figure 3.2 there are two possible waveguide
layers in this type of a structure where the effective refractive in-
dex can be higher than that of the surrounding layers. These layers
are formed in the coating on top of the grating and also on the
Dissertations in Forestry and Natural Sciences No 23 13
Petri Karvinen: Applications of resonant waveguide gratings
bottom of the grooves (refractive index distributions ng1 and ng3).
In papers I and II the bottom layer and in papers III–IV the layer
on top is utilized. Originally the choice of this structure type was
mainly dictated by the ease of fabrication, especially when consid-
ering mass production: there is no need to fabricate structures into
the high refractive index material layer, it needs only be coated on
top of the low refractive index structure. This means that the grat-
ing can be fabricated by moulding or imprinting into plastics, and
the high refractive index coating can be done afterwards for exam-
ple by evaporation, ALD or other suitable method.
3.2 APPLICATIONS
The applications of dielectric RWGs are numerous. Structures with
very rapid changes in reflection and transmission make good nar-
row band filters [66–68]. The possibility to adjust stop-bands by
changing the angle of incidence provides added value in the form
of tunability. The leaky waveguide modes traveling parallel to the
structure surface also increases the energy densities in and near
the structure drastically; this can be used to enhance many kinds
of light-matter interactions [69–73]. Because the waveguide modes
are outcoupled into certain direction, it is also possible to direct
emission originating from or near these structures [69, 72]. These
different aspects are discussed in more detail later in this section.
It is worth noting that surface plasmons are widely utilized in
many applications where resonant waveguide gratings could be
used. This is not surprising when we consider all the similarities
in function of a metallic grating inciting surface plasmons and a di-
electric RWG. A thorough comparison between these two technolo-
gies is beyond the scope of this thesis; however, it should be noted
that as purely dielectric structures the RWGs have negligible losses
when compared to metallic SPR structures. Besides the obvious
advantages in filtering applications, this also leads to higher total
energy available for light-matter interaction enhancement schemes.
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3.2.1 Filters
As previously mentioned, wider interest in RWGs stemmed from
the promising filtering capabilities of these structures. In the case
of a coated binary grating it is simple to optimize a reflection filter
for wanted wavelength, polarization and incident angle using pe-
riod, grating depth and coating thickness as free parameters. As
an example in figure 3.3 is presented transmission calculated with
FMM for a coated linear binary grating with following parameters:
grating material SiO2 (refractive index 1.46), period d = 375 nm, fill
factor 0.5, depth of the grating 300 nm, coating TiO2 (refractive in-
dex 2.0) and its thickness equals 200 nm on top of the grating, 100
nm on the bottom and 50 nm on the sidewalls. Light is incident
from air, the angle of incidence being θin = 7.7 degrees. Dips in
transmission can be clearly seen, and the polarization dependence
is obvious.
600 620 640 660 680 700
0
0.2
0.4
0.6
0.8
1
 
 
TM
TE
T
λ [nm]
Figure 3.3: Transmission of a typical RWG as a function of the wavelength for incident
TM and TE polarizations (solid and dashed lines, respectively).
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One key aspect, the tunability of this type of filter, can be seen in
the figure 3.4. When the angle of incidence is changed the reflected
wavelength band is also shifted. Linear area of the response even
in this unoptimized example is tens of nanometers. With different
designs the filtering properties can be perfected [66–68] and also
polarization independence achieved [74].
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Figure 3.4: Reflection of a typical RWG as a function of angle of incidence θ and wave-
length λ for TM polarization.
The filtering properties of RWGs are also utilized in several in-
direct measurement schemes [70, 75–77]. The optical response of a
RWG is so sensitive to the grating properties and its surroundings
that minuscule changes in the refractive index of the material on the
surface of the structure can be detected as a shift in the reflection
peak or transmittance dip. This method is completely analogous to
several schemes utilizing SPR sensors [55, 78].
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3.2.2 Enhancement of light-matter interaction
The leaky waveguide modes inside RWG structures cause increase
in the local energy densities. This enhancement is calculated with
FMM and presented in figure 3.5 for the structure used as an ex-
ample in previous section. In this case the incident light is TM
polarized, wavelength λ = 650 nm and the angle of incidence is 7.7
degrees. It can be seen that about 80-fold energy densities exist in-
side the structure when compared to the incident illumination; in
air in the grooves this enhancement factor is close to 50. If the struc-
ture is optimized to maximize the energy densities it is possible to
achieve as high enhancement factors as 250 inside the TiO2 layer or
150 in the grooves, as in papers II and III, respectively.
-500 0 500 1000
0
50
100
150
200
250
300
350
0
10
20
30
40
50
60
70
80
x
[n
m
]
z [nm]
Air TiO2 SiO2
Figure 3.5: Time average of the energy density inside a RWG, calculated with FMM.
The incident energy density is normalized to 1. White lines denote boundaries between
different materials; as from left to right: air, TiO2 coating and SiO2 substrate.
This increased energy density augments all the effects the inci-
dent light has on the matter in and near the structure. Simplistically
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thinking the effect of a RWG is the same as if the power of the light
source was ramped up correspondingly. However, the use of an
enhancing structure has some advantages. Sometimes light sources
of higher optical power are too costly, damage some parts of the
setup or simply are not available. More importantly the precise
localization of the increased energy density minimizes noise gener-
ated from surrounding materials and optical components, and also
makes it easier to filter out the excitation light. These advantages
can be crucial when the noise level is high compared to the signal or
when the intensity of the excitation light is several orders of mag-
nitude greater than the one of the generated signal. The former
is the case for example when trying to image weakly fluorescent
molecules with epifluorescence microscope, and the latter is true
for example in the second harmonic generation studies of papers I
and II and in the case of Raman spectroscopy [79].
Second harmonic generation
In papers I and II the light-matter interaction enhancing properties
of RWGs are used to amplify second harmonic generation (SHG).
SHG is the first nonlinear optical phenomenon observed experi-
mentally [18]. It is a process where an incident electromagnetic
wave creates another wave with twice the frequency, i.e. half the
wavelength. The SHG response has quadratic dependence on the
intensity of the incident field [80]; this makes the increase in energy
densities highly rewarding when one is trying to enhance second
harmonic generation. This is why nonlinear materials for frequency
doubling are commonly placed inside resonant cavities (like laser
resonators) or then waveguides are made out of them.
Considering the former, it is reasonable to apply RWGs in SHG
enhancement: in paper II an enhancement factor of 5500 is demon-
strated. This dwarfs the other similar approaches using dielectric
structures [81, 82]. Also surface plasmons are utilized in similar
manner in SHG enhancement [83–86]. The measured results for
SHG increase are similar as in paper II, but again the different
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properties of RWGs and SPR devices can be benefits or drawbacks,
depending on the application. For example as non-absorbing struc-
tures the dielectric RWGs usually have a higher damage threshold,
which could be a benefit when high intensity incident beams are
used.
Fluorescence
Papers III and IV are related to enhancement of fluorescence sig-
nals. The wide-spread use of fluorescent labels in visualizing and
quantifying biomolecules makes this type of applications interest-
ing. Many types of amplification schemes are based on the en-
hancement of local energy densities. Besides the RWGs and similar
dielectric micro- and nanostructures [69–73] also waveguides [87],
total internal reflection [88] and SPR structures [89–91] are used.
Because emitted fluorescence is only directly proportional to the
intensity of the excitation intensity, the enhancement of local energy
densities is not as advantageous as it is in the case of SHG. Nev-
ertheless, in the case of coherent, collimated and monochromatic
excitation this effect can generate an enhancement of fluorescence
signal by two orders of magnitude. This can be seen from the re-
sults of the papers III and IV. As a drawback the increase in ex-
citation intensity also increases the photobleaching, the ”burning
out” of fluorescent molecules. This can be a serious problem with
some measurement setups and fluorescent dyes. However, maybe
the main advantage of the use of RWGs is the possibility to com-
bine the higher energy densities with other functions, like label free
detection [70] or emission guidance, as in paper IV and in refer-
ence [69].
3.2.3 Emission guidance
In the case of thermal sources gratings have been used to direct the
emitted incoherent light [92,93]. A corrugation designed and fabri-
cated on top of a thermal emitter can couple the emitted radiation
into modes propagating along the surface. The same corrugation
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then couples the light out of these modes into well defined direc-
tions. This is analogous with the mechanism of the RWG structures,
as described in section 3.1. This observation as an inspiration RWGs
are used to direct emitted fluorescence in paper IV.
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Figure 3.6: Polar plot of fluorescence emission gain from EGFP on top of a RWG as a
function of the detection angle. Detected fluorescence from EGFP on RWG divided with
fluorescence from EGFP on a flat surface into corresponding angle is plotted. TM and TE
polarized emissions are marked by blue and red curves, respectively.
In fluorescence enhancement schemes the emitting material is
placed inside or as close to the RWG element as possible. This
is to get maximum benefit of the highly localized field enhance-
ment. At the same time this makes possible for large part of the
fluorescent light to connect into the waveguide modes in stead of
radiating into the whole free space, provided that the RWG is de-
signed to function with the emission wavelengths. This may be
challenging if the stokes shift of the used fluorescent material is
large and the detection angle and incident angle of the excitation
are restricted. However it is possible even when using simple RWG
geometries, and highly rewarding as can be seen from the figure
3.6. There is presented measured fluorescence emission from en-
hanced green fluorescent protein (EGFP) on top of a binary-type
RWG element compared with the emission from the same material
on a flat surface. Details of the element and measurement setup
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are presented in paper IV. The fluorescence outcoupled from the
waveguide modes is clearly directed to certain directions. Different
polarizations travel in different modes and are also coupled out in
different directions, which can also be seen in the figure 3.6.
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4 Main results
In this chapter the main results of the papers I–IV are presented
shortly. Papers I and II deal with second harmonic generation en-
hancement by RWG structures, and those results are discussed in
section 4.1. Section 4.2 covers the papers III and IV which deal
with fluorescence enhancement. Also the use of RWGs in standard
epifluorescence microscope is discussed.
4.1 ENHANCEMENT OF THE SECOND HARMONIC GENER-
ATION
In paper I an RWG structure is utilized to enhance second harmonic
generation efficiency. The effect is based on the increase of local en-
ergy densities, as described in section 3.2.2. The RWGwas designed
and fabricated as described in sections 2.1 and 2.2. The structure
was demonstrated to enhance second-harmonic generation by a fac-
tor of 550 compared to a flat surface in similar setup. However, the
theoretical modeling predicted even higher enhancement factor, so
research was carried on. With improvements in fabrication equip-
ment and methods structures of better quality became possible, and
a new RWG element was designed. With new measurements 5500-
fold enhancement was demonstrated; graph of the measured SHG
signal gain is presented in figure 4.1. Details of this new design and
measurements are described in paper II.
Four separate peaks of second harmonic radiation can be seen
in figure 4.1. This is because the RWG element was designed to be
subwavelength for the incident beam with wavelength of 1064 nm,
not to the second harmonic generated. Therefore diffraction orders
can be observed, in angles predicted by the grating equation 2.1.
Dissertations in Forestry and Natural Sciences No 23 23
Petri Karvinen: Applications of resonant waveguide gratings
S
H
G
in
te
n
si
ty
[a
.u
.]
φ [deg]
Figure 4.1: Second harmonic signal as a function of the detection angle φ, normalized to
SHG signal from a flat surface. φ = 0◦ corresponds to the normal of the sample surface.
4.2 FLUORESCENCE ENHANCEMENT
The paper III is about enhancing laser induced fluorescence signal
from organic molecules by increasing local energy densities of the
excitation beam, as described in section 3.2.2. In the measurement
setup coherent, collimated laser beam was used to excite fluores-
cence of enhanced green fluorescent protein (EGFP) molecules on
RWG structure. Detection angle was fixed while the incident angle
of the excitation beam was changed. An enhancement factor of 80
was measured when compared with EGFP on flat surface.
In paper IV the emission guidance effect, described in section
3.2.3, was added to the enhancement scheme of paper III. The RWG
element used was designed to support waveguide modes also for
the emitted fluorescence, and the detection angle was varied in the
measurement setup. The fluorescence was observed to be strongly
directed in certain directions and 530-fold enhancement was de-
tected: measured enhancement as a function of the detection angle
is presented in figure 4.2. The coherence of the emitted fluorescence
was examined; also the connection between the increase in coher-
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ence length of the emitted light and the distance it travels in the
waveguide mode was discussed.
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Figure 4.2: Measured gain in fluorescence for TM- and TE-polarized emission (dots and
open circles, respectively) as a function of the detection angle φ.
RWG elements can also be utilized in standard epifluorescence
microscope, where the excitation illumination is focused in stead of
collimated and also relatively broadband when compared to laser
light sources. The RWG element can not be designed to work
with all wavelengths and angles of incidence, so the enhancement
function is not optimal in that sense. However, the point is that
still the fluorescence images can be improved considerably without
any modification of the equipment or measurement setup besides
adding the passive RWG element below the sample.
In figure 4.3 images taken with standard epifluorescence micro-
scope of fluorescent proteins on RWG structures are shown along
with an intensity plot illustrating the increase in fluorescence sig-
nal. For this study also some non-functioning RWG structures were
made to act as reference samples. In these samples the geometry
and surface material were the same as with actual samples. How-
ever, some SiO2 was evaporated on top of the grating before the
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TiO2 coating, that was therefore thinner than in the actual samples
so that the resulting surface geometries were similar. This resulted
in lower effective refractive index of the waveguide layer and made
it impossible for the waveguide modes to exist for the wavelengths
used. Using these samples as a reference instead of a flat TiO2 sur-
face the effect of surface geometry in e.g. the protein adsorption
could be excluded.
As can be seen from the figure 4.3, the RWG structures improve
the fluorescence signal considerably. Most notable this improve-
ment was when observing the fluorescence of lysozyme, where the
signal from proteins on a flat surface could not be distinguished
from the background fluorescence. However, the fluorescence from
the protein on RWG is clearly visible.
26 Dissertations in Forestry and Natural Sciences No 23
Main results
0
50
100
150
200
250
S
ca
le
d
in
te
n
si
ty
[a
.u
.]
(a) (b) (c)
(d)
EGFP (a)
Lysozyme (b)
Reference (c)
Figure 4.3: Epifluorescence microscope images of fluorescent proteins on RWG structures
(a-c) and plotted scaled intensity (d). Images of EGFP and lysozyme on functioning RWG
are shown in (a) and (b), respectively, RWG element in the lower part of each image and
unstructured surface in upper part. In (c) a similar image of EGFP on RWG structure
designed to not function with used wavelengths is shown as a reference. In (d) intensity
distribution along the red lines depicted in each image (a)-(c) is plotted. Solid green line
is from the EGFP sample image (a), dashed blue line from the lysozyme sample image (b)
and dash-dotted black line from the reference sample image (c).
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5 Conclusions and outlook
This thesis is a study of the applications of resonant waveguide
gratings. The properties, design and fabrication of these structures
is briefly presented. Then they are utilized for the enhancement of
second harmonic generation and to improve detection of fluores-
cence from organic molecules, and these applications are studied in
theory and experimentally.
As for the SHG, enhancement factor of several thousands was
measured. In the future this could be further improved by direct-
ing the emitted second harmonic light into more specific direction;
this could be achieved by designing the RWG element to guide the
SHG wavelength. Also the enhancement of third-order nonlinear
processes is a promising application for further study.
For the laser-induced fluorescence a 530-fold enhancement of
detected signal was experimentally demonstrated. RWG elements
were also used in normal epifluorescence microscope with focused,
relatively broadband excitation illumination. Results were promis-
ing; by optimizing the guiding of the generated fluorescence the
pure signal enhancement could be improved in future studies, for
example by using radial in stead of linear RWG structures. How-
ever, even more interesting subject for further study could be the
effect of RWG element on the imaging of fluorescence from single
particles. Because part of the emitted fluorescence travels some dis-
tance parallel to the sample surface before coupling out towards
the detector, the image of a single particle should deviate from a
standard point source on flat surface. Shape of this image could
be influenced by the design of the RWG structure, thus making it
possible to design a system where the standard microscope image
could provide sub-resolution information about the location of the
particle in all three dimensions, and maybe even the orientation in
the case of asymmetric particles.
Also in the future the use of RWG elements in two-photon fluo-
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rescence enhancement could prove fruitful because of the quadratic
dependance of the signal on the excitation intensity [94]. In paper
IV the coherence properties of emitted RWG-enhanced fluorescence
were also examined: the increase in coherence length promises pos-
sibility to control also this aspect of light and is therefore a good
topic to study more closely. And of course, the mass fabrication of
RWG elements and their application in real measurement systems
e.g. in the fields of medicine and molecular biology crave for further
research.
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Applications of resonant 
waveguide gratings
This thesis considers applications of 
resonant waveguide gratings. The 
function of these optical structures 
is based on effective coupling of in-
cident light in and out of waveguide 
modes traveling parallel to the sur-
face. This phenomenon can be used 
to enhance light-matter interaction 
as well as to guide emitted light. The 
design and fabrication of resonant 
waveguides are discussed, and they 
are applied in second harmonic gen-
eration enhancement and to improve 
fluorescence signals.
